The BacA protein is essential for the long-term survival of Sinorhizobium meliloti and Brucella abortus within acidic compartments in plant and animal cells, respectively. Since both the S. meliloti and B. abortus bacA mutants have an increased resistance to bleomycin, it was hypothesized that BacA was a transporter of bleomycin and bleomycin-like compounds into the bacterial cell. However, our finding that the S. meliloti bacA mutant also has an increased sensitivity to detergents, a hydrophobic dye, ethanol, and acid pH supported a model in which BacA function affects the bacterial cell envelope. In addition, an S. meliloti lpsB mutant that is defective at a stage in infection of the host similar to that found for a bacA mutant is also sensitive to the same agents, and the carbohydrate content of its lipopolysaccharide (LPS) is altered. However, analysis of crude preparations of the bacA mutant LPS suggested that, unlike that for LpsB, BacA function did not affect the carbohydrate composition of the LPS. Rather, we found that at least one function of BacA is to affect the distribution of LPS fatty acids, including a very-long-chain fatty acid thought to be unique to the ␣-proteobacteria, including B. abortus.
Over the last few years, evidence has been accumulating suggesting that there are certain strategies for intracellular survival that are used both by bacteria that interact with plant cells and bacteria that interact with animal cells (18) . We have been investigating one of these strategies involving the BacA protein, which is essential for Sinorhizobium meliloti symbiosis and Brucella abortus pathogenesis (14, 24, 26) . S. meliloti forms a symbiosis with the agriculturally important legume alfalfa and is taken up into the plant cells into a membrane-bound acidic compartment known as a symbiosome. Once inside this compartment, S. meliloti undergoes a number of changes both in its metabolism and cell envelope and differentiates into a nitrogen-fixing bacteroid (1, 35) . Although B. abortus infects animal cells, it too is taken into the host cell in a membranebound acid compartment where it persists for an extensive period of time, resulting in a chronic infection of the host (30) . In both the case of the S. meliloti-alfalfa and the B. abortus-BALB/c mouse systems, the respective bacA mutants were able to enter into the host cells normally but, unlike the wild-type strains, died shortly after entry into the membrane-bound acidic compartments (14, 24) . Thus, BacA is required for persistence of bacteria within both plant and animal cells. However, the mechanism by which BacA enables the survival of bacteria within their hosts has remained elusive.
The S. meliloti bacA gene encodes a 420-amino-acid inner membrane protein, which is predicted to have seven transmembrane-spanning domains and is 82% similar (67% identical) to the B. abortus BacA protein (14, 24) . The S. meliloti BacA protein is functionally interchangeable with SbmA (derived from "sensitivity to B17 microcin") protein of Escherichia coli with which it is 79% similar (64% identical) (19) . It was originally proposed that SbmA transports compounds with a bithiazole-oxazole moiety into the bacterial cell, since, in the absence of this protein, E. coli becomes resistant to exogenous microcin B17 and the glycopeptide bleomcyin, both of which possess this moiety (19, 23, 46) . However, the subsequent finding that an E. coli sbmA mutant is also resistant to microcin J25 (37) , which lacks this moiety, argued against this proposal (4) . Since no other phenotypes have yet been identified for the E. coli sbmA mutants, the present model for the role of SbmA is that it is a transporter of peptide-like antibiotics into the cell (37) . The S. meliloti and B. abortus bacA mutants similarly have an increased resistance to bleomycin; hence, it had been proposed that, in their hosts as well, BacA is required to transport an essential compound with some structural resemblance to bleomycin into the bacterial cell (19, 24) . However, further analysis of the physiology of an S. meliloti bacA mutant in the Rm8002 genetic background revealed that loss of BacA also confers low-level resistance to aminoglycoside antibiotics and an increased sensitivity to ethanol and sodium dodecyl sulfate (SDS) (19, 25) . In addition, the analysis of a series of sitedirected mutations in the S. meliloti bacA gene provided evidence that BacA could have multiple, nonoverlapping functions (25) . These experiments provided preliminary evidence for the hypothesis that the S. meliloti bacA mutant could have an altered cell envelope, and it was proposed that the inability of this mutant to survive within the host could be due to an enhanced sensitivity to one or more of the stresses encountered in the host cell (19) .
Changes in the bacterial cell envelope, especially in the lipopolysaccharide (LPS), are thought to be involved in the differentiation of S. meliloti into the bacteroid state within the host cell (35) . Recently an S. meliloti lpsB mutant, with a significantly altered LPS core structure, was also found to be defective at a critical stage in the alfalfa symbiosis process similar to that found for the S. meliloti bacA mutant (5), providing further support that the bacterial LPS plays an important role in survival within the host. Much of the LPS research on symbiotic bacteria has focused on Rhizobium leguminosarum. It has been proposed that the LPS of R. leguminosarum bacteroids is more hydrophobic than the LPS extracted from free-living bacteria, due to changes in the O antigen and to the accumulation of a very-long-chain fatty acid, 27-hydroxyoctacosanoic acid (27-OH-C 28:0 ) on the lipid A (20). 27-OH-C 28:0 has also been detected in the lipid A fraction from a number of ␣-proteobacteria, including S. meliloti and B. abortus, but appears to be absent from the LPS of enteric bacteria (2, 3, 27) .
The physiological and chemical studies described in this paper support the hypothesis that BacA function affects the structure of the bacterial cell envelope and suggest that at least one of the envelope components affected is the LPS. These BacA-dependent effects on the cell envelope appear to be necessary for S. meliloti to establish the chronic intracellular infection required for a successful symbiosis.
MATERIALS AND METHODS
Bacterial growth. All bacterial strains and plasmids used throughout this study are described in Table 1 . For all experiments unless stated otherwise, S. meliloti cells were grown from frozen stocks to early stationary phase in Luria-Bertani (LB) media supplemented with 2.5 mM CaCl 2 and 2.5 mM MgSO 4 and 500 g of streptomycin (Sm)/ml for 48 h at 30°C. The cultures were then washed and resuspended to the defined optical density at 600 nm (OD 600 ) in LB media. When required, tetracycline (Tc) was added to a final concentration of 10 g/ml.
Filter disk and gradient assays. The early-stationary-phase cultures were resuspended to an OD 600 of 0.2. For the filter disk assay, 100 l of culture was added to 3 ml LB of soft agar (6.5 g/liter) and poured onto LB plates (25 ml). After 30 min, a paper disk (6-mm diameter; Becton Dickinson) was applied to the center of the plate and 5 l of the agent to be tested was applied. At least three plates were prepared for each agent tested. The plate contents were incubated for 48 h at 30°C, and then the diameter of growth inhibition was recorded. For the sodium deoxycholate (DOC) and ethanol assays, the contents of 100-ml LB gradient plates (50 ml per layer) were poured into a large, round (13.5 cm in length) petri dish. The selective top layer contained either 24 mM DOC, 8% (vol/vol) ethanol, or 10% (vol/vol) ethanol, as defined in the figure legends. For the ethanol experiments, CaCl 2 and/or MgSO 4 was also added to both layers as defined in the figure legends. The cultures to be tested were streaked (30-l aliquots) evenly across the plates, the plate contents were incubated for 72 h at 30°C, and then the length of the growth inhibition zone was recorded. Since the differences in the sensitivity of the strains to pH and Zn 2ϩ were smaller than for the DOC and ethanol assays, we used larger, square plates (22.5 cm in length), employing 200 ml of LB agar per layer to enable us to test all the strains on the same plate, and 50 l of culture was streaked across the plates. The pH gradient (pH 7.0 to 5.5) was created by adding 35 mM 2-(Nmorpholino)ethanesulfonic acid (MES) to the top LB agar layer, following a previously described method (7) . To create a Zn 2ϩ gradient, 1 mM ZnSO 4 was added to the top LB agar layer. For both the filter disk and gradient plates, we measured the growth inhibition zone from at least three plates for each strain and set of conditions. The results were averaged, and the error bars represent the standard deviation from the mean.
Microaerobic sensitivity assays. The early-stationary-phase cultures were resuspended to an OD 600 of 1.0 and serially diluted (10 Ϫ1 to 10 Ϫ4 ), and 5-l aliquots were spotted onto LB plates. Growth was assessed after incubation of the plates at 30°C for 48 to 72 h under either normal or microaerobic conditions in a GasPak with a CampyPak Plus hydrogen and carbon dioxide generator envelope with palladium catalyst (Becton Dickinson).
Small-scale LPS extraction and analysis. The early-stationary-phase cultures were washed and resuspended in LB media. One-hundred-microliter aliquots were then spread onto LB-Sm plates, the plate contents were incubated for 72 h, and then the lawn of bacteria was scraped into LB media. The OD 600 of the cultures was adjusted to 0.9, and the LPS was extracted from duplicate 1.5-ml volumes using either the hot water-phenol procedure as described previously (34) or a modification of an SDS lysis method (43) . The SDS lysis method was performed as described previously, except the samples were boiled for 10 min and then treated with proteinase K (final concentration of 0.6 mg/ml) at 60°C for 1 h. The LPS samples were suspended in SDS sample buffer (50 l for the SDS lysis method and 20 l for the hot water-phenol procedure). Aliquots (4 l) were analyzed on NuPage 4 to 12% Bis-Tris gradient gels (Invitrogen) using the Invitrogen MES running buffer. To visualize the LPS, the gels were silver stained (Bio-Rad kit) following the standard procedure, except the oxidant in the kit was replaced with 0.7% sodium m-periodate, to enable oxidation of sugars (43) .
Large-scale LPS extraction and analysis. Cultures of the defined strains were grown to mid-exponential phase in LB medium supplemented with 2.5 mM CaCl 2 and 2.5 mM MgSO 4 , washed, and diluted in 4 liters of LB to an of OD 600 of 0.2. The cultures were grown overnight to mid-exponential phase (OD 600 ϭ 2.0), and the cells were then harvested by centrifugation at 4,000 rpm for 30 min (Sorvall RC-3B). The LPS was extracted using a large-scale hot water-phenol method as previously described (33, 34) , and the carbohydrate and fatty acid analysis of the samples was performed as part of a service contract by the Complex Carbohydrate Center (Athens, Ga). In brief, the aqueous-and phenolphase samples were hydrolyzed using 1 M methanolic HCl (freshly prepared) for 16 h at 80°C. The released sugars were derivatized with Tri-Sil and separated by gas chromatography (GC) by using a Supelco column and were analyzed by mass spectrometry (MS). myo-inositol (20 g) was added as an internal standard. The amount of each sugar moiety was expressed as a percentage of total sample carbohydrate. The fatty acids were also analyzed by GC-MS, and the data were calculated based on the ion at m/z 175 for ␤-OH-C 14:0 and ␤-OH-C 18:0 fatty acids and m/z 482 for the 27-OH-C 28:0 fatty acid. In all cases, equivalent masses of the aqueous-and phenol-phase samples were analyzed.
RESULTS
All our previous characterizations of S. meliloti bacA mutants were carried out in the Rm8002 strain background in which the first bacA mutant was isolated (14, 19, 25, 26) . Before initiating this study, we transduced the bacA654::spc mutation into the wild-type strain Rm1021, whose genome was recently sequenced (13), since strain Rm8002 was obtained by chemical mutagenesis of Rm1021 and could have multiple mutations (26) . Although Rm1021 was slightly more resistant than Rm8002 to the different conditions tested, the Rm1021 bacA mutant displayed all the previous phenotypes of the Rm8002 bacA mutant (19) (data not shown).
Mg 2؉ and Ca 2؉ increase the resistance of both the wild type and the bacA mutant to stress. Previous experiments suggested that the inclusion of millimolar quantities of Mg 2ϩ and Ca 2ϩ suppresses the ethanol sensitivity phenotype of the S. meliloti Rm8002 bacA mutant (19) . Since S. meliloti is usually grown in LB media supplemented with these divalent cations, we felt it important to characterize their apparent suppressive effects more carefully prior to conducting a detailed physiological analysis of the Rm1021 bacA mutant. To quantify the effect of Ca 2ϩ and Mg 2ϩ , we used LB plates containing a gradient of ethanol and fixed amounts of divalent cations. As can be seen by comparison of Fig. 1a and b, the main effect of Ca 2ϩ and Mg 2ϩ was to increase the resistance of both the wild-type and bacA mutant strains to ethanol and not to suppress the ethanol sensitivity phenotype of the bacA mutant. We also observed that Ca 2ϩ and Mg 2ϩ could individually increase the resistance of S. meliloti to ethanol and that, although the bacA mutant is more sensitive to ethanol than the wild-type strain, the Ca 2ϩ and Mg 2ϩ effects on both strains were similar, suggesting that BacA was not involved in this resistance process ( Fig. 1c and d,  respectively) . Intriguingly, we found that 10 mM Ca 2ϩ was less effective at protecting against ethanol than were lower concentrations (Fig. 1c) . The difference between Ca 2ϩ and Mg 2ϩ was not due to the different anions, since MgSO 4 and MgCl 2 showed almost identical effects at select concentrations (data not shown). Thus, the degree of protection against ethanol is dependent upon both the nature and amount of divalent cation present. Since we also found that Mg 2ϩ and Ca 2ϩ increased the resistance of S. meliloti to all the other conditions used in the previous characterizations of the bacA mutant (data not shown) (19) , all subsequent experiments described in this paper were performed using LB agar or medium without divalent cation supplementation.
The S. meliloti bacA mutant and an LPS mutant have an increased sensitivity to acid pH and zinc. Within the plant cell, S. meliloti survives within the symbiosome and is subjected to a number of environmental insults, one of which is thought to be acid pH. It has been proposed that the pH of the S. meliloti symbiosome is somewhere in the range of 5.5 to 6.0 (29). Thus, it is possible that a bacA mutant is unable to survive in a plant cell due to an increased sensitivity to one or more of the many stresses that it experiences there. As shown in Fig. 2a , a bacA mutant is more sensitive to a gradient (pH 5.5 to 7.0) of acid pH than is the wild-type strain Rm1021. The difference observed in the growth was due to the pH change and not to the MES buffer used to alter the pH, since 50 mM MES adjusted to pH 7.0 had no effect on the growth of either strain (data not shown). In addition, mating a bacA ϩ vector into the S. meliloti bacA mutant increased the resistance to acid pH relative to the mutant with the control vector (data not shown). These data provide evidence that BacA is required to protect S. meliloti cells against acid pH. Thus, it is possible that the increased sensitivity of the bacA mutant to acid pH could play a role in the in planta defect of this mutant.
Since an lpsB mutant, which has a significantly altered LPS structure, is defective at essentially the same stage in the alfalfa symbiosis (5), we tested whether it too might be more sensitive to a gradient of pH (Fig. 2a) . In fact, the acid sensitivity of the lpsB mutant was even greater than for the bacA mutant (Fig.  2a) . In addition, a bacA lpsB double mutant was even more sensitive to acid pH than the respective single mutants (Fig.  2a) . These data indicate that an alteration in the LPS, as in the lpsB mutant, can lead to sensitivity to acid pH. They also suggest that tolerance to acid pH may play a role in the ability of S. meliloti to survive upon release into the plant cell during the alfalfa symbiosis. However, the increased sensitivity of the double mutant to acid pH suggests that LpsB and BacA protect S. meliloti by different underlying mechanisms.
It has been shown previously that certain acid-sensitive S. meliloti mutants also have an enhanced sensitivity to zinc and copper (42) . Consistent with these observations, we also observed that the bacA, lpsB and bacA lpsB double mutant strains are more sensitive to a gradient of zinc sulfate than is the wild-type strain and that the sensitivities followed the same trend as for the acid pH experiment ( Fig. 2b and a, respectively). These data show that BacA and LpsB are required to protect S. meliloti against zinc and confirm previous observations suggesting that bacteria have related protective mechanisms against acid pH and zinc. In addition to low pH, S. meliloti encounters a number of other stresses within the plant such as oxidative stress (38, 39) and microaerobic conditions (9, 11) . However, we did not observe any difference in growth between Rm1021 and the bacA mutant on LB plates containing filter disks supplemented with H 2 O 2 (data not shown), nor did we find a mutation in bacA to affect the growth of S. meliloti on LB plates under microaerobic conditions in a GasPak system (data not shown).
The S. meliloti bacA mutant has an altered cell envelope. Our observation that the S. meliloti bacA mutant is more sensitive to acid pH further supported the proposal that BacA, rather than being involved in the transport of an essential compound from the host, could be involved in protecting the bacterial cell against an environmental stress encountered in the host (19) . However, the mechanism by which BacA could perform such a function has remained elusive. Preliminary evidence presented previously suggested that BacA could be affecting the cell envelope, since an S. meliloti Rm8002 bacA mutant is more sensitive to sodium dodecyl sulfate (SDS) (19, 25) , but our subsequent discovery that strain Rm8002 had an altered phospholipid head group composition compared with that of Rm1021 (O. Geiger and F. Martinez-Morales, personal communication) led us to question whether a bacA mutation alone could increase detergent sensitivity. However, when we investigated the effect of a bacA mutation in the wild-type strain Rm1021, we found that it increased the sensitivity to SDS and DOC on LB filter disks and gradient plates, respectively ( Fig.  3a and b, respectively) . In addition, the presence of a bacA ϩ plasmid in the Rm1021 bacA mutant also decreased SDS and DOC sensitivity relative to the derivative carrying just the control vector (data not shown). An altered sensitivity to detergents is usually an indicator of a change in the bacterial cell envelope. In particular, bacterial mutants with defects in their LPS have an increased sensitivity to DOC (5, 22) . Thus, it seemed that the increased sensitivity of the S. meliloti bacA mutant to detergents could be due, at least in part, to an altered LPS. The S. meliloti lpsB mutant is also more sensitive to SDS and DOC but is considerably more sensitive than the bacA mutant ( Fig. 3a and b) . In addition, a double bacA lpsB mutant has an even greater sensitivity to detergents than either mutant alone (Fig. 3a and b) , an observation consistent with the above conclusion that BacA and LpsB exert their effects by different mechanisms.
The hydrophobic dye crystal violet has also been used as an indicator of alterations in the cell envelope such as those caused by changes in the LPS (16) , and consistent with this, we also found that the S. meliloti lpsB mutant is more sensitive to this agent (Fig. 3c) . As shown in Fig. 3c , a bacA mutant is also more sensitive to crystal violet than is the wild-type strain. Mating in a bacA ϩ vector but not a control vector also increased the resistance of the bacA mutant to crystal violet (data not shown). Thus, this observation provides further evidence that bacA mutants have alterations in their cell envelope, possibly in the LPS.
LPS is made of three components: the hydrophobic lipid A, the more hydrophilic carbohydrate core, and O antigen (31) . The LPS from an lpsB mutant has been previously characterized by DOC-polyacrylamide gel electrophoresis and GC-MS and has been shown to have a significantly altered core structure but to still have O antigen attached (5). The fact that BacA function makes lpsB mutants, who have a LPS core very different from that of a wild-type strain, more resistant to detergents is noteworthy. If the BacA protein is required for LPS modification, then either it affects the lipid A and Oantigen moieties, which are common to the LPS of both lpsB ϩ and lpsB strains, or it is capable of affecting both the wild type and the highly divergent lpsB LPS core.
A deficiency of BacA does not affect the LPS in a manner similar to that of a deficiency of LpsB. As a first step in investigating the possibility that the bacA mutant has an altered LPS, we prepared crude LPS samples from wild-type, bacA, and lpsB strains by SDS lysis and analyzed these by FIG. 3 . Effect of BacA on the sensitivity of S. meliloti to cell envelope agents. Cultures of the wild-type strain Rm1021 and defined isogenic mutants were grown and filter disk and gradient assays were performed on LB plates exactly as described in Materials and Methods. For the filter disk experiments, a 5-l aliquot of the defined stock was applied to the disks. CV, crystal violet.
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FERGUSON ET AL. J. BACTERIOL. gradient gels and silver staining (Fig. 4a) . A similar approach was initially used to detect the LPS alterations of lpsB mutants (5, 8, 28) . The previous studies of lpsB mutants were carried out using cultures grown in tryptone-yeast medium supplemented with millimolar quantities of Ca 2ϩ . However, since our detergent sensitivity experiments were carried out on LB agar plates and since Ca 2ϩ affects the phenotypes of the bacA mutant (19) (see above), we analyzed LPS from S. meliloti strains grown on LB plates without Ca 2ϩ supplementation for 72 h. Consistent with previous observations drawn using this method of analysis (5), the LPS of the lpsB mutant is significantly different from that of the wild-type strain (Fig. 4a) , with both the rough (lower-molecular-weight) and smooth (higher-molecular-weight) forms migrating faster than the wild-type forms. In contrast, there was no detectable difference between the LPS of the bacA mutant and that of the wild-type strain. A double bacA lpsB mutant also gave an LPS profile identical to that of the lpsB mutant (Fig. 4a) . Thus, even though the symbiotic deficiency of a bacA mutant occurs at the same stage as it does for an lpsB mutant, which has a dramatically altered LPS, using this method of analysis, we were not able to detect any alterations in the LPS caused by the bacA mutation.
During a previous study of a series of bacterial mutants defective in their LPS, the type and yield of the LPS were found to be dependent upon the LPS extraction method (36) . Thus, we also extracted LPS from wild-type S. meliloti, bacA, and lpsB strains using the hot water-phenol method (34) and analyzed the LPS in the aqueous and phenol phases using SDS gradient gels (Fig. 4b and c, respectively) . The amount of LPS extracted into each phase is dependent upon the composition of the LPS. Analysis of the LPS extracted into the aqueous phase showed that, although the LPS profiles looked slightly different from how it looked with the SDS lysis method, the LPS profile of the bacA mutant was not significantly different from that of the wild-type strain (Fig. 4b) . In contrast, the LPS profile of the lpsB mutant was dramatically affected, and under these conditions, we did not extract any smooth LPS into the aqueous phase (Fig. 4b) . Since we know from the SDS lysis method (Fig. 4a) that the lpsB mutant produces smooth LPS, and since in a previous study using cells grown in tryptoneyeast-Ca 2ϩ smooth LPS was detected from this mutant in the aqueous phase (5), this finding suggests that the growth conditions can have a profound effect on the composition of the LPS. Analysis of the phenol phases from all three strains showed that the rough LPS from all three strains was present (smooth LPS is too hydrophilic to be detected in the phenol phase) (Fig. 4c) . These data suggest that, if the bacA mutant has an altered LPS, then this change is not detectable by these methods, even using cells grown under conditions where the bacA mutant is more sensitive to agents that affect the cell envelope (Fig. 3) .
The S. meliloti bacA mutant has an altered distribution of LPS fatty acids. Although we were unable to detect an LPS alteration in the bacA mutant using polyacrylamide gel electrophoresis, it was still possible that a more subtle change had occurred that could not be detected using this low-resolution method. We therefore prepared large-scale crude LPS samples from Rm1021 and the bacA mutant using a hot water-phenol extraction procedure and determined the carbohydrate content of the aqueous and phenol layers by GC-MS. The majority of the carbohydrate from both strains was extracted into the aqueous phase ( Table 2 ), suggesting that the LPS is predominately present in the aqueous phase and that the bacA mutation was not affecting the partitioning of the LPS between the aqueous and phenol phases. The virtually identical sugar composition of the LPS from both strains that partitioned into the aqueous phase indicated that, unlike that of LpsB (5), BacA function does not affect the sugar composition of the LPS (Table 2) . Since the carbohydrate content of the phenol phase was so low, no accurate determination of the sugar composition has been obtained thus far (data not shown). Thus, our data suggest that BacA is not having a dramatic effect on the   FIG. 4 . Effect of BacA and LpsB on the S. meliloti LPS. Cultures of the wild-type strain Rm1021 and the defined isogenic mutants were grown on LB plates and LPS extractions were performed exactly as described in Materials and Methods by using either an SDS lysis (a) or hot water-phenol method (b and c). S-LPS and R-LPS refer to smooth and rough LPS, respectively. carbohydrate composition of the core and O-antigen moieties of the LPS under our growth conditions. In contrast, GC-MS analysis of the ␤-OH fatty acids in the material from both phases revealed that the bacA mutation has a marked effect on their relative amount and on the phase partitioning of the LPS ( Table 3 ). The aqueous phase from the bacA mutant had a reduced amount of ␤-OH-C 14:0 and 27-OH-C 28:0 (52.5 and 31% less than the aqueous phase of the wild-type strain, respectively), whereas it had an increased amount of ␤-OH-C 18:0 (51% more than the aqueous phase of the wild-type strain). The phenol phases of both strains contained substantially less fatty acids than the aqueous phases (Table 3) . Interestingly, the phenol phase of the wild-type strain contained 51.5% more ␤-OH-C 18:0 than did the corresponding phase of the bacA mutant. These data suggest that the S. meliloti bacA mutant has an alteration in its LPS fatty acids, and this finding could help rationalize the cell envelope defect of this mutant.
DISCUSSION
These data extend the previous physiological characterizations of the S. meliloti bacA mutant (19) and provide further support for a model in which BacA function affects the cell envelope. From a site-directed mutagenesis study of the S. meliloti bacA gene, it was suggested that BacA could have multiple, nonoverlapping functions (25) . The data presented in this paper are consistent with a model in which at least one role of BacA is to affect the nature of the LPS fatty acid modifications. The S. meliloti bacA mutant had a significant reduction in the amount of 27-OH-C 28:0 compared with the wild-type strain. Thus, the reduced level of 27-OH-C 28:0 in the S. meliloti bacA mutant could contribute to the sensitivity of this strain to detergents, a hydrophobic dye, ethanol, and acid and to the inability to survive within the plant cell. This hypothesis is consistent with the observation that the level of 27-OH-C 28:0 is higher in the LPS of R. leguminosarum bacteroids than in the LPS of free-living bacteria (20) . Although there have been no previous reports of which we are aware stating that specific changes in the LPS fatty acids affect acid resistance, changes in phospholipid fatty acids have been found to affect acid resistance in other bacterial systems. For example, cyclopropane fatty acids protect E. coli against acid pH (6) . It has been shown previously that a Pseudomonas putida mutant sensitive to organic solvents had alterations in its LPS fatty acids (21) . Hence, changes in the LPS fatty acids could account for the ethanol sensitivity phenotype of the S. meliloti bacA mutant. Indeed, alterations in the LPS fatty acids could also account for the low-level resistance of the S. meliloti bacA mutant to aminoglycoside antibiotics, since cell envelope alterations have previously been shown to reduce their uptake and confer lowlevel resistance against these agents (41) .
The discovery that the S. meliloti bacA mutant has altered LPS fatty acids raises the issue how an inner membrane protein affects a component of the outer membrane. The complete resistance of E. coli sbmA mutants to exogenous, but not endogenously synthesized, microcins stimulated the formation of a model in which SbmA and BacA were hypothesized to be involved in the transport of peptide-like compounds into the bacterial cell (19, 23, 37) . However, it is difficult to account for the alteration in LPS fatty acids and the multiple phenotypes of the S. meliloti bacA mutant if this was the sole function of BacA. In contrast to the bacA mutation in S. meliloti, the sbmA mutation in E. coli did not affect resistance to ethanol, aminoglycoside antibiotics, or SDS (19) . It is unlikely that SbmA and BacA have totally different functions, since the proteins are functionally interchangeable (19) . Instead, there are several hypotheses that can rationalize the differences. E. coli may possess another system that can compensate for the loss of SbmA function in the sbmA mutant and prevent us from observing any of the phenotypes other than microcin and bleomycin resistance. In addition, regulation of expression of BacA and SbmA is different (19) and sbmA is poorly transcribed under standard growth conditions (23). Hence, the low level of SbmA may affect sensitivity to microcin and bleomycin, but higher levels may be required for other functions. Alternatively, BacA and SbmA may transport similar but not identical substrates due to species differences. The cell envelopes of enteric bacteria are significantly different from those of the ␣-proteobacteria, and the former lacks 27-OH-C 28:0 (2). Thus, since BacA function affects the level of 27-OH-C 28:0 and since this is absent in enteric bacteria, SbmA could also affect LPS fatty acids, but changes in these may not necessarily have the same physiological outcome. Unlike E. coli, B. abortus LPS does possess 27-OH-C 28:0 (27) , and a preliminary physiological characterization of the B. abortus bacA mutant suggests that its phenotypes have commonalities with the phenotypes of the S. meliloti bacA mutant (R. M. Roop II, unpublished data). Hence, it is possible that the B. abortus bacA mutant is defective in the chronic phase of infection due to alterations in LPS fatty acids, including 27-OH-C 28:0 . Since B. abortus also resides within an acidic compartment in the host, it would be particularly interesting to determine if a bacA mutation affects acid sensitivity.
In addition to their acid sensitivity, the S. meliloti bacA and lpsB mutants are more sensitive to Zn 2ϩ . This is in agreement with previous reports that suggest the existence of overlap between protective mechanisms against acid and zinc in S. meliloti (32, 42) . Since Zn 2ϩ has been shown to interact with the fatty acids of purified LPS, affecting their fluidity (45) , the increased sensitivity of the S. meliloti bacA mutant to zinc could be rationalized by the alteration in LPS fatty acids. In addition, since the effect of the lpsB mutation on the LPS fatty acids of S. meliloti has not been determined, the increased sensitivity of the S. meliloti lpsB mutant to zinc may also suggest that this mutant has altered LPS fatty acids. It was found that alterations in the fluidity of bacterial LPS affected the effectiveness of the hosts' innate immune response (45) . Thus, it is possible that a lipid A alteration in the LPS of the bacA and lpsB mutants could induce an innate immune response in the plant not normally observed for the wild-type strain. This is interesting, given that the lpsB mutant has a greatly increased sensitivity to cationic peptides (5), which are thought to form part of the innate immune response.
In gram-negative bacteria, the divalent cations Mg 2ϩ and Ca 2ϩ are thought to have important roles in stabilizing the cell envelope by interacting with the LPS (15, 40) . Preliminary experiments conducted previously suggested that BacA function was suppressed in the presence of these divalent cations (19) . However, our results suggest that, rather than suppressing the requirement for BacA, Mg 2ϩ and Ca 2ϩ increase the resistance of S. meliloti to stress and thereby increase the amount of stress required to observe the phenotypes of the S. meliloti bacA mutant. This could have important consequences, since changes in the levels of divalent cations, in particular Ca 2ϩ , are thought to occur throughout the alfalfa symbiosis. For example, early in the symbiosis, bacterial Nod factors are thought to induce Ca 2ϩ spiking in the plant host (12) . However, since Ca 2ϩ spiking occurs early in the symbiosis, it is unlikely that S. meliloti would experience this fluctuation, suggesting that it would not be relevant to the bacA phenotype. There is an increasing amount of evidence suggesting that the membrane-bound compartment in which S. meliloti resides within the plant cell has some similarities to the environment within pathogen-infected macrophages (18) . It is thought that macrophages are low in divalent cations and that many genes required for survival of bacterial pathogens in macrophages are induced in vitro by low levels of Ca 2ϩ and Mg 2ϩ (15, 44) . Consistent with this, expression of the S. meliloti dctA gene, which is also required for survival within the plant cell, is induced in free-living bacteria in media low in Ca 2ϩ (1) . Thus, if the levels of Ca 2ϩ were higher during the early stages of the symbiosis, then S. meliloti would be less dependent upon BacA for protection. However, if upon release into the plant cell, the levels of these divalent cations is reduced, then BacA would become more important for protection of S. meliloti against stress. This rationale could help account for why the bacA mutant is not defective at the early stages in the symbiosis (14) . We found that Ca 2ϩ was more effective than Mg 2ϩ at lower concentrations in conferring protection to S. meliloti against stress. However, when the Ca 2ϩ level was increased, it eventually became less effective. At lower concentrations, these divalent cations protect S. meliloti by stabilizing the LPS (15, 40) , but at higher concentrations, they increase the permeability of the bacterial cell envelope and this forms the basis of DNA transformation protocols (17) . Since Ca 2ϩ is more effective than Mg 2ϩ in DNA transformation (17) , it seems likely that high concentrations of Ca 2ϩ are more effective at increasing the permeability of the cell envelope and thereby sensitizing the bacteria towards stress. Thus, the degree of protection afforded is dependent upon the amount and nature of the divalent cation.
In summary, the findings of this paper provide further support for BacA function affecting the cell envelope, and in particular, they pinpoint at least one of these changes, involving an alteration in the distribution of LPS fatty acids. Since the structure of the S. meliloti LPS has not yet been determined, additional work will be required to determine the location of the fatty acids whose distribution is affected by BacA function. In addition, since phospholipids and lipoproteins also have fatty acid modifications, our future goal will be to determine whether these other components are also affected in the bacA mutant. It is important that we understand more about the function of the S. meliloti BacA protein, since, in addition to improving our understanding of the symbiosis process, it should also give us insights into the role of this protein in the pathogenesis of B. abortus.
